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reduction by 2015 represent a dilemma for National
Malaria Control Programs (NMCPs) that are still far from
malaria elimination. Current vector control efforts by
NMCPs generally fall short of their potential, leaving
many NMCPs wondering how much vector control it
will take to achieve malaria elimination. We believe the
answer is detailed in the relationships between the
entomological inoculation rate (EIR) and four epidemio-
logical measures of malaria in humans. To achieve ade-
quate vector control, NMCPs must evaluate EIRs to
identify problematic foci of transmission and reduce
annual EIRs to less than one infectious bite per person.
New goals for malaria elimination
During the first decade of Roll Back Malaria (2000–2010),
many NMCPs quickly scaled up malaria control interven-
tions and successfully curtailed transmission. According to
case reports, the estimated global incidence of malaria fell
by 17% between 2000 and 2010 [1]. These accomplish-
ments were made possible by considerable public interest,
leadership of international agencies, and major funding
organizations [2,3], as well as by impressive dedication of
NMCPs. Also in the past decade, 42 malaria-endemic
countries increased their per capita spending by US
$1000, thereby increasing the availability of domestic
funds for mosquito control. The WHO estimates that if
just 1% of total domestic spending were allocated to ma-
laria control, 75 of the 99 countries with ongoing malaria
transmission could provide an insecticide-treated net
(ITN) to each at-risk person. In 2010, 27 countries in the
African Region and 42 in other WHO regions made the
commitment to do so [1].
Inspired by a decade of achievements and renewed
commitments by malaria-endemic nations, Roll Back
Malaria’s 2011 Global Malaria Action Plan includes ambi-
tious new targets. By the end of 2015, we hope to have: (i)
reduced global malaria deaths to near zero; (ii) reduced
globalmalaria cases by 75%; and (iii) eliminatedmalaria in
at least eight to ten new countries [4]. Elimination remains
a distant goal for many nations, including India, Pakistan,
Brazil, Colombia, Papua New Guinea, and most of AfricaCorresponding author: Ulrich, J.N. (j.ulrich1@umiami.edu).
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gies are needed for malaria elimination [5,6], but scale-ups
are unlikely given the funding outlook for the next few
years [1]. Instead of implementing expensive nation-wide
scale-ups, NMCPs can rely on ‘lessons learned’ in vector
control to consider how to adapt and improve strategies for
elimination.
Reliance on vector control has been at the heart of suc-
cessful reductions of malaria achieved on a global scale [7].
In areas of high transmission, long-lasting insecticide-trea-
tednets (LLINs) can reducemalaria incidenceby50%and in
areas of low transmission, by 62% [8]. Indoor residual
spraying (IRS) has been equally effective, reducing inci-
dence by 57% in children under five in an area of high
transmission in Tanzania [9] and by 90–95% in an area of
low transmission in Pakistan [10]. A recent meta-analysis
shows that IRS is capable of reducing prevalence by 62%
[11]. Although there is limited evidence on the combined
impact of LLINs and IRS, it is thought that there are
additive effects [12]. The tools of LLINs and IRS alone
can drivemalaria rates down to the point where concurrent
efforts can be taken to eliminatemalaria parasite reservoirs
of infection [3]. However, increasing insecticide resistance
along with environmental and health concerns demand the
development and adoption of viable alternative methods.
Integrated Vector Management (IVM) therefore promotes
the synergistic application of different interventions as well
as effective collaboration within the health sector and with
other public sectors in order to best reduce transmission
[13]. An IVM-based approach promises struggling NMCPs
cost effectiveness, monitoring of impact on vector popula-
tions and pathogen transmission, sustainability and com-
patibility with local health systems but demands more
effective planning and decision making at the lowest possi-
ble administrative levels [14]. This article highlights, sim-
plifies, and provides practical guidance for NMCPs
addressing the important issue of how much vector control
is needed to achieve malaria elimination.
Vector control strategies must be targeted and
evidence based
Malaria is highly related to environmental characteristics
that delineate foci of transmission. Therefore, identificationp://dx.doi.org/10.1016/j.pt.2013.01.002 Trends in Parasitology, March 2013, Vol. 29, No. 3
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systems, and statistical analysis tied in with entomological
surveillance [15] can scale the type and intensity of inter-
ventions and cost effectively reduce the burden of the dis-
ease. Using transmission as a measure of malaria risk,
NMCPs can see that current vector control tools can de-
crease pathogen transmission in low to moderate transmis-
sion settings; however, additional strategies are needed to
reduce malaria prevalence in high transmission areas [16].
Such targeted strategies are cost effective and can curtail
malaria effectively on a national scale.
The recent success of Turkey is an example of effectively
targeted vector control strategies. Several studies were
conducted in Turkey to target malaria control efforts,
revealing that: (i) Plasmodium vivax is the only species
from autochthonous cases; (ii) Anopheles sachavori is the
most prominent vector; (iii) larvae of this vector are most
abundant in June; (iv) the vector is 95% zoophilic and bites
mostly at night; (v) September is the month of highest
malaria transmission; and (vi) most transmission is con-
centrated in the Southeastern Anatolia Region. Interven-
tions for vector control in Turkey are planned using these
studies along with regular assessments in high-risk pro-
vinces and are grounded in the principles of IVM. All
available and effective measures, including indoor residual
spraying, larval control activities, and spray spacing, are
integrated and applied to areas of high transmission. Focal
spraying is carried out whenever a new malaria case is
detected during the period of active malaria transmission.
At the same time, environmental management including
drainage, filling, intermittent irrigation of fields, and
planting eucalyptus trees for drying land with a high water
table, etc., is applied in selected regions. Turkey’s Malaria
Control Program, which began in 1983, brought the num-
ber of malaria cases down from 66 681 in 1983 to just 84 in
2006. The programwas so successful that it led to Turkey’s
transition to the elimination phase in 2010 [17].
Robustmonitoring and evaluation systems are essential
to targeted vector control strategies and thus to malaria
elimination. Standard monitoring of progress in vector
control is usually measured in terms of household coverage
of LLINs and/or IRS and by health system indicators of
how many cases of malaria and how many deaths due to
malaria. However, for countries transitioning from control
to elimination efforts, measures of impact should shift in
focus from coverage and health system indicators to infec-
tion and transmission. As transmission intensity drops to
near-elimination levels, standard monitoring and evalua-
tion programs should expand to include surveillance activ-
ities, marked by active case detection, parasitological
examination, antimalarial drug treatment, epidemiologi-
cal investigation, entomological investigation, elimination
of foci, and case and community follow-up [18].
Accurate metrics of transmission are the evidence base
of effectively targeted vector control. Annual case incidence
and prevalence are two commonly used metrics, but they
are problematic for several reasons. To measure incidence
accurately, all cases in the population must be identified
through both passive and active detection, as passive
detection alone results in estimates that are too low.
Individuals with asymptomatic infections are often notaccounted for in incidence measures; however, they con-
tinue to be reservoirs for transmission. Prevalence relies
on probability sampling of the population, which is prob-
lematic because often transmission occurs in nonrandom
foci of cases. Unless extremely large sample sizes are used,
prevalence provides imprecise measures at low levels of
transmission [18]. These vague metrics often lead to con-
flicting evidence. For example, in Zambia a study showed
that following diagnosed clinical cases back to their home-
stead lead to clusters of asymptomatic cases during the low
transmission season. Simultaneously in a randommalaria
survey, such clustering was not seen [19]. NMCPs should
be cautious when using incidence and prevalence alone for
targeted vector control efforts, given that their focus is not
on the vectors themselves.
The EIR, which estimates an individual’s level of expo-
sure toPlasmodium falciparum-infectedmosquitoes, is the
most useful measure for estimating malaria transmission
intensity. It can be used to indicate the proportion of
humans infected at any given time and to predict the
spread of malaria to uninfected individuals, elements that
are crucial to modelingmalaria transmission [20]. The EIR
is the product of the human biting rate (the number of bites
per person per day by vector mosquitoes) and the sporozo-
ite rate, the fraction of vector mosquitoes that are infec-
tious [21]. There are no underlying assumptions for either
of these two empirical components. The lack of uniformity
in EIR measurement methods [22] – human bait collec-
tions (HBCs), pyrethrum spray catches (PSCs), light traps,
and window exit traps to determine the human biting rate;
dissection of mosquito salivary glands, enzyme-linked im-
munosorbent assays (ELISAs) and PCR-based methods to
determine the sporozoite rate – has often been cited as a
weakness of the metric [23]. However, the variety of meth-
odological approaches to the EIR offers flexibility, especial-
ly for countries with limited human and financial resources
to conduct the surveys. For example, the HBC and sporo-
zoite dissection techniques are labor intensive and are
often replaced with quicker and simpler combinations of
PSCs, light traps, ELISA, and PCR [23]. All NMCPs must
determine which methods best suit their logistic situa-
tions, the important point being that the collection meth-
ods be standardized within each nation.
The relationships between the EIR and other epidemio-
logical metrics show why the EIR is the most useful
measure for focusing vector interventions on the areas of
highest transmission (Figure 1). First, there is a near
linear relationship between EIRs and malaria incidence
(Figure 1a) [24–26]. Whereas malaria incidence only takes
into account detected or reported cases, the EIR measures
transmission regardless of clinical outcomes, thereby mak-
ing it a slightly better predictor of infection. Not surpris-
ingly, if vector control efforts focus on reducing EIRs, the
incidence will also decrease. Second, even with annual
EIRs <5 per person, prevalence rates can range anywhere
from 1% to 60% (Figure 1b) [25,27–29]. If annual EIRs are
not decreased to less than one, prevalence will generally
remain unaffected even with extensive progress in vector
control. Third, annual EIRs of only a few infective bites can
be associated with high annual incidence rates of severe
disease (Figure 1c) [8,30–34]. As a result, incidence of105
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Figure 1. Epidemiological–entomological relationships. (a) The relationship between the entomological inoculation rate (EIR) and Plasmodium falciparum malaria
incidence as calculated in children in Saradidi, Kenya, during 39 two-week periods when EIRs were <1.7 [24]. (b) The relationship between annual EIR and prevalence of P.
falciparum malaria based on data obtained from 31 sites throughout Africa [27]. (c) The relationship between annual EIR and the incidence of severe malaria infections in
children at nine sites in Kilifi District, Kenya: Mukombe, Fumbini, Kiberani, Zowerani, Kambi ya Wari, Mikingirini, Ufuoni, Kaoyeni, and Mtondia [32]. (d) Dose- and time-
dependent relations between EIR and P. falciparum parasitemia among children of three different ages from the same village (Got Onyango) of western Kenya [35].
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remain high even after extensive vector control, and so it
may appear as if the vector control is fruitless if EIRs are
not measured. Fourth, above a certain EIR threshold
infected individuals are at greater risk of a high parasite
density in the blood (Figure 1d) [35,36], which indicates a
high degree of active malaria infection. Consequently, by
concentrating on reducing annual EIRs, NMCPs will see a
drop in parasitemia levels and fewer individuals with
active infections. The EIR is the only metric sensitive
enough to detect the differences in transmission in the
final steps towards malaria elimination.106There is an important lesson in the relationships be-
tween the EIR and other epidemiological measures: local
malaria elimination can only be achieved if strategies for
malaria elimination at the country level aim to reduce
annual EIRs to levels below one infective bite per person.
Because transmission is very efficient even at low levels,
decreases in EIRs through vector control may not affect the
incidence of severe disease or malaria prevalence unless
EIRs are reduced to levels below one infective bite per
person per year. Hence, NMCPs hoping to close the gap
between control and elimination should shift their focus of
monitoring to measuring the EIR. Unfortunately, most
Opinion Trends in Parasitology March 2013, Vol. 29, No. 3NMCPs have yet to embrace this useful metric. In most
Latin American countries, transmission is considered too
low for NMCPs to invest in monitoring EIRs [37]. Even in
Africa, where there are clusters of alarmingly high trans-
mission, the EIR is rarely recorded [38]. Although the[(Figure_2)TD$FIG]
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tomological inoculation rate (EIR) into policies directed at malaria elimination
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Opinion Trends in Parasitology March 2013, Vol. 29, No. 3The need to train African scientists in malaria research is
recognized [39]. If progress is to be made towards Roll
Back Malaria’s goals for 2015, we must address the chal-
lenges facing the scientific community inmalaria-endemic
countries [40].
Guiding malaria elimination with the EIR
The targets set forth in Roll Back Malaria’s 2011 Global
Malaria Action Plan are achievable, but only if NMCPs act
now to target vector control strategies by effectively mea-
suring transmission. A successful tool for malaria elimina-
tion in the past has been vector control, but now many
NMCPs are finding that even ‘tried-and-true’ vector control
strategies that have been so effective in other countries do
not achieve the results they desire locally. It is important to
remember that all global policies on vector control must be
adapted to local conditions and available resources. In
contrast to some of the generic vector policy recommenda-
tions of the past, IVM recognizes this need: ‘Because
almost every situation is distinct and complex, it is impos-
sible to prescribe standard actions and strategies’ [13].
Analysis of the problems and constraints in a local vector
control system is imperative to its success [41]. Local and
regional vector control programs can benefit from surveil-
lance that produces epidemiological stratification of site-
specific situations in order to better address local needs
[42]. Instead of prescribing ‘blanket’ approaches that are
bound to be ineffective or attempting to predict regional
and local needs, IVM emphasizes capacity building so that
NMCPs can use their own surveillance, analysis, and
adaptive management to make the appropriate decisions
for local circumstances.
Beyond cultivating local decision making to tailor ge-
neric policies, vector control can be improved through
better assessments of pathogen transmission. This entails
that EIRs be estimated for both areas of low and high
transmission and that control efforts be targeted based on
these estimates. It also requires an overhaul of the evalu-
ating and monitoring systems to ensure that NMCPs keep
track of their progress and make strategic plans to tackle
problem areas and to train native scientists in malaria-
endemic areas. In order forNMCPs to determine howmuch
vector control is needed to eliminate malaria in their
countries and to make progress towards elimination, we
suggest that they take the steps summarized in Figure 2.
The incorporation of these initiatives into malaria elimi-
nation policies of NMCPs can bring Rollback Malaria’s
goals within closer reach.
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